To provide an integrated assessment of changes in systolic and diastolic function in diabetic rats, we measured conscious hemodynamics and performed ex vivo analysis of left ventricular passive-elastic properties. Rats given streptozotocin (STZ) 65 mg/kg i.v. (n = 14) were compared with untreated age-matched controls (n = 15) and rats treated with insulin after administration of STZ (n = 11). After 7 d, diabetic rats exhibited decreases in heart rate and peak developed left ventricular (LV) pressure during aortic occlusion. After 26 d of diabetes there were significant decreases in resting LV systolic pressure, developed pressure, and maximal +dP/dt, whereas LV end-diastolic pressure increased and the time constant of LV relaxation was prolonged. The passive LV pressure-volume relationship was progressively shifted away from the pressure axis, and the overall chamber stiffness constant was decreased. However, "operating chamber stiffness" calculated at end-diastolic pressure was increased at 7 d, and unchanged at 26 d. LV cavity/wall volume and enddiastolic volume were increased after 26 d of diabetes. Myocardial stiffness was unchanged at both time intervals. All of the above abnormalities were reversed by the administration of insulin. We conclude that the hemodynamic and passive-elastic changes that occur in diabetic rats represent an early dilated cardiomyopathy which is reversible with insulin.
Introduction
Diabetes mellitus is associated with the development of myocardial dysfunction in the absence of coronary artery disease, systemic hypertension, or valvular heart disease (1, 2) . Experimental models of diabetes, especially the streptozotocin (STZ)l rat, have been used to help define the pathophysiology of this disorder (3, 4) . These studies, which utilized isolated papillary muscle and perfused heart preparations, suggest that the cardiomyopathy of diabetes mellitus is associated with abnormalities of systolic performance and impairment of left ventricular (LV) relaxation.
The effect of diabetes on LV diastolic function has not been thoroughly examined. The studies which have been done have produced conflicting results. For example, in diabetic dogs the diastolic pressure-volume relation was reported to shift toward the pressure axis, which would indicate decreased chamber compliance, increased myocardial stiffness, or both (5) . Conversely, in the STZ rat, the pressure-volume relation of the isolated left ventricle is shifted away from the pressure axis, suggesting increased chamber compliance (4) . In neither study was the entire diastolic pressure-volume relation examined, nor was myocardial stiffness measured. Furthermore, the influence of LV relaxation abnormalities on the shape and position of the diastolic pressure-volume relation were not taken into account. Thus, the previous studies have not adequately resolved the question of whether diabetes is associated with abnormalities of the passive-elastic properties of the heart, independent of changes in relaxation.
Our goal was to characterize the changes in diastolic function (i.e., LV relaxation and passive-elastic behavior) with diabetes and their relation to alterations in systolic function. We measured conscious hemodynamics, open-chest LV developed pressure, and ex vivo LV pressure-volume relations. We postulated that the previously described decrease in LV compliance might reflect abnormalities of the contraction-relaxation sequence, rather than changes in intrinsic passive-elastic properties of the myocardium. We also treated a group of diabetic rats with insulin, after a period of untreated diabetes, to establish whether the changes in cardiac function were reversible. This is the first study to integrate hemodynamic data from conscious animals, with a quantitative analysis of the mechanical properties of the heart in diabetes.
Methods
Diabetes was induced by a single tail vein injection of STZ at a dose of 65 mg/kg (Sigma Chemical Co., St. Louis, MO) in male SpragueDawley rats (220-250 g). Diabetic animals were divided into three groups. Group I (n = 5) was studied after 7 d of untreated diabetes. Group II (n = 9) was studied after 21-28 d (mean = 26) of untreated diabetes. Group III (n = I1) was untreated for 21 insertion. The left femoral vein was cannulated with Silastic tubing which was advanced to the thoracic inferior vena cava. Both catheters were then secured and exteriorized to the dorsal cervical region. Rats were allowed to recover for 4 h. Left ventricular dP/dt was obtained from a differentiating circuit in the physiologic recorder (model 2400, Gould, Inc., Cleveland, OH) with the high-frequency filter cutoff set at 100 Hz. In conscious rats 100-150 consecutive beats of LV pressure were recorded directly onto a computer (model AT, IBM Corp., White Plains, NY) and digitized at 1,000 Hz (6, 7) . An example of an LV pressure recording in a conscious rat is shown in Fig. 1 . These rats were then used for determination of peak developed LV pressure and the LV pressure-volume relationship as described below.
LVrelaxation. From the recordings ofLV pressures and dP/dt, LV relaxation was determined in untreated diabetic, treated diabetic, and control rats using previously established methods (6, 7) . Briefly, the decay of LV pressure with time can be closely approximated by the exponential relation: P= PBe + PA, (1) where PB + PA is LV pressure at maximum negative LV dP/dt, PA is LV asymptote pressure, and a is the constant of the exponential relation. The value of r is calculated by plotting the derivative ofpressure with time versus pressure. LV pressures from 100-150 consecutive beats were analyzed. For each cardiac cycle maximum positive and negative dP/dt, peak systolic and end-diastolic pressure points were identified. The value of end-diastolic pressure for each cycle was subtracted from each pressure point on the pressure decay curve of that cycle beginning at maximum negative dP/dt and ending at a point equal to end-diastolic pressure. The resulting values were then fit to the relation: dP/dt = -a(P-PA)-(2) a is calculated by the least squares method, and T = -I/a.
Open-chest determinations ofpeak developed LV pressure. After conscious hemodynamics were recorded, rats were anesthetized with 100 mg/kg thiobutarbital (Inactin, Buikgulden Pharmaceutical, Konstanz, FRG) i.p., intubated, and ventilated with a volume-cycled respirator (Harvard Apparatus Co., Inc., S. Natick, MA). A left anterior thoracotomy was performed and a snare was placed around the ascending aorta. While recording LV pressure with the previously positioned Millar catheter, an abrupt aortic occlusion was produced by sudden tightening ofthe snare. Peak developed pressure was defined as the mean of the systolic pressure minus the end-diastolic pressure of the first five stable beats after aortic occlusion. ,. . dP/dt (mm Hg/s) Isolated LV pressure-volume relationship. Pressure-volume data were recorded using methods previously described (6, 7) . After the measurement of peak developed pressure, potassium chloride (2 meq/ ml) was injected through the femoral vein catheter to arrest the heart. The heart was rapidly removed and the right ventricle was incised. A double lumen catheter, attached to a pressure transducer (Statham 23 Id, Gould, Inc.) and an infusion pump (Sage model 341, Sage Instruments Div., Cambridge, MA) was passed into the left ventricle. The atrioventricular groove was identified and a ligature was passed around the heart and tied to isolate the left atrium from the left ventricle. After gentle aspiration ofthe LV cavity to remove any residual blood, and to reduce pressure to -5 mm Hg, normal saline was infused at 0.70 ml/min into the suspended left ventricle while pressure was recorded.
Saline was infused until the pressure increased to 40 mm Hg. Two or three curves were obtained from each ventricle within 10 min of cardiac arrest, and before onset of rigor mortis. An example of a pressure-volume recording is shown in Fig. 2 .
From the pressure-volume data recorded ex vivo, the overall chamber stiffness constant KI( was determined. At least 15 pairs of simultaneous pressure-volume points from each curve were digitized and stored. The pressure-volume data were fitted to the monoexponential equation: (8) . Operating chamber stiffness (C,) was defined as C. = KI(P-PB),
where P = end-diastolic pressure measured in the conscious animal.
This calculation was also done using both forms of indexing. Myocardial stiffness. The incremental modulus (ENc) and the myocardial stiffness constant (K.) were calculated assuming a spherical geometry (inner and outer radii = a and b, respectively) for the left ventricle, according to previously described methods (7, 9) . Briefly, midwall radial stress (a) at each pressure point was calculated from the measured values for LV cavity volume and wall volume (mass/ 1.05) using the expression: where
V =4/3 ira3,
and V, = 4/3 rb3 -4/3 Ira3.
The incremental modulus is obtained from the formula:
The relation between the incremental modulus and stress is linear and can be described by the equation:
where Ki, the slope of the line, is the myocardial stiffness constant, and c is a constant.
Cavity/wall volume. Ventricular cavity volume at a distending pressure of 10 mm Hg was determined from the passive pressure-volume relation. After completion ofthe pressure-volume recordings, the heart was separated into right ventricle, and left ventricle plus septum, and weighed. LV wall volume (Vw) was determined from the mass of the left ventricle, such that Vw = LV mass/l.05 (density of muscle). Operating end-diastolic volume was calculated from the pressure-volume curves using the measured end-diastolic pressure from the conscious animal. LV weight/tibia length. Because body weight may be an unreliable reference for normalizing heart weight in situations where body weight changes, LV weight was normalized to both body weight and tibia length to determine whether hypertrophy was present. Tibias were prepared using previously described methods (8) .
Glucose levels. Blood was drawn just prior to KCI arrest at the conclusion of each study. It was immediately spun, and the serum was frozen at -20'C for later analysis. Glucose was measured in the thawed serum using a glucose oxidase method (model CX3 glucose analyzer, Beckman Instruments, Inc., Fullerton, CA).
Histology. Hearts were immersion fixed in 10% neutral buffered formalin. The heart was serially sliced into 3-mm sections perpendicular to the axis of the heart from apex to base. These sections were embedded in parafin, sectioned at 5 Mm, and serial sections were stained with hematoxylin-eosin and with Gomori's aldehyde fuchsin trichrome stain to highlight collagen.
Statistical analysis. Differences between the three diabetic and control groups were detected using analysis of variance. Where differences were found, significance was determined with Dunnett's test for multiple comparisons with a single control (10) . Values for LV chamber stiffness constants and r were determined by regression analysis using the method of least squares. Results are presented as mean±SEM. Statistical significance was defined at the P < 0.05 level.
Results
Diabetes was confirmed by the finding of glycosuria 2 d after the injection. None of the rats showed more than trace ketonuria. Severe hyperglycemia was seen in the untreated diabetic rats (Table I) . Diabetic animals had lower body weights and left ventricle weights, but left ventricle/body weight was unchanged compared to control (Table I) . Left ventricle/tibia length was decreased in group II animals. Conscious hemodynamics and peak developed pressure. Heart rate was progressively slowed, and systolic function was impaired in the diabetic rats (Table II) . LV systolic pressure, and maximal positive dP/dt were unchanged at 7 d (group I), but decreased at 4 wk (group II) of untreated diabetes. Peak developed pressure in open-chest rats was decreased in group I, and further decreased in group II. LV end-diastolic pressure had a tendency to increase in group I, and was significantly increased in group II.
Indices ofdiastolicfunction. Relaxation ofthe left ventricle in conscious rats, as assessed by the time constant of isovolumic pressure decay (T), and maximal negative dP/dt, was slowed in group II (Table III) . There were also alterations in the passive-elastic properties of the ventricle. The overall chamber stiffness constant (Ku) was decreased in group II based on LV wall volume indexing, but not body weight indexing. The ex vivo pressure-volume relations with LV volume indexed to body weight are shown in Fig. 3 . In contrast to overall chamber stiffness, operating chamber stiffness (CQ) was increased in group I, and unaltered in group II using both forms of indexing. Fig. 4 shows the pressure-volume relations ofthe control and untreated diabetic rats with the tangent lines at mean end-diastolic pressure. The slope of the tangent = C,.
Operating chamber stiffness is influenced by the end-diastolic pressure, and hence may be different than the overall chamber stiffness constant. The myocardial stiffness constant (K.) was unchanged in diabetic rats (Table III) . The stiffness-stress relations are linear (Fig. 5 ). There are no significant differences in the slope or position of the lines. Ventricular dilatation developed in groups I and II, as defined by increases in end-diastolic volume. This was accompanied by an increase in cavity/wall volume (V/Vw) in group II (Table III) .
Effects of insulin therapy. Administration of insulin resulted in weight gain and lowering of serum glucose (Table I ). All conscious hemodynamic variables, and peak developed LV pressure returned to baseline after 3-4 wk of treatment with insulin (Table II) . Treatment was associated with the correcVentricular Function in Diabetic Rats 483 tion of the abnormalities of diastolic function, including LV relaxation, LV end-diastolic pressure and volume, and LV chamber stiffness (Table III) . Histology. Qualitative light microscopy revealed no histologic changes in myocardium from diabetic animals. Specifically, there was no evidence of interstitial collagen accumulation seen with stain specific for collagen (Fig. 6 ).
Discussion
The major findings of this study were that both active and passive properties ofthe left ventricle were altered in conscious diabetic rats. The former was manifest as impairment of LV relaxation and systolic function, while the latter consisted of decreased LV chamber stiffness, unchanged myocardial stiffness, and increased LV end-diastolic volume. Despite a decrease in the overall chamber stiffness constant, operating chamber stiffness was increased at 1 wk and unchanged at 4 wk. This seemingly paradoxical change in operating chamber stiffness resulted from the opposing effects of increased end-di- astolic pressure, and decreased chamber stiffness. All of the hemodynamic and mechanical abnormalities were corrected by insulin therapy. No histologic alterations in the myocardium of diabetic rats were evident on light microscopy. Thus, diabetic rats have characteristics of an early dilated cardiomyopathy which is due to metabolic, rather than structural, alterations of the myocardium. Cardiac performance is a function of ventricular filling and ejection. As such, it is important to understand the variables which effect both systole and diastole when studying a given disease state. We have attempted to dissect systole and diastole into components which could be quantitatively analyzed. Measurements of active processes, i.e., relaxation and developed pressure, were done in intact rats. The passive-elastic properties of the myocardium, i.e., overall chamber stiffness (Kr), operating chamber stiffness (C,), and myocardial stiffness (Km), were evaluated ex vivo. This type of analysis of LV function provides a framework to understand cardiovascular function in diabetes and may help to explain conflicting data from previous studies.
Effects of diabetes on systolic function and ventricular relaxation. In conscious rats, resting systolic function, assessed by LV systolic pressure and dP/dt, was normal after 7 (3) . Likewise, in previous studies using isolated perfused hearts from diabetic rats, peak LV pressure response to progressive increases in preload was attenuated (4) .
One of the best measures of relaxation in vivo is the time constant of ventricular pressure decay (r). We found that T was progressively prolonged in conscious diabetic rats. Ventricular relaxation is altered by changes in temperature (1 1), catecholamines (12) , inotropic state (13) , heart rate (14) , and loading conditions (15) . Diabetes is associated with several of these factors, including impaired contractility, bradycardia, increased blood volume (16) , and increased catecholamines (17) . Since the combined effect of these factors is difficult to predict,~C it is important to document the rate of ventricular relaxation in conscious rats. The prolongation of r that we observed expands on the findings of previous in vitro studies, which showed prolongation of time to one-half relaxation and depressed peak rate of tension fall in papillary muscles, and decreased -dP/dt in isolated hearts (3, 4) .
The mechanisms of impaired systolic function and slowed relaxation are unclear. These changes may share a common mechanism since both are related to the binding or release of calcium from troponin C. It is likely that altered sarcoplasmic reticular calcium transport plays a role in these changes (18, 19) . Large increases in heart rate (100%) have been shown to decrease T by -20% in conscious dogs (14) . Thus, part of the slowed rate ofrelaxation seen in the diabetic rats may be attributable to bradycardia; however, it is unlikely that bradycardia alone was responsible for slowed relaxation since heart rate was only decreased by 17% in the diabetic rats, while T was increased by 26%. Bradycardia and loss of normal baroreflexes have been previously observed in diabetic rats (16, 20) . These findings may reflect decreased sensitivity to adrenergic stimulation, or increased sensitivity to muscarinic stimulation (21, 22) . Alterations in adrenergic tone may have contributed to slowed relaxation in the diabetic rats.
Effects of diabetes on passive-elastic properties of the ventricle. Diastolic filling is determined by a complex interaction of ventricular relaxation, passive-elastic properties of the ventricle, myocardial blood flow, atrial pressure and contractility, and ventricular interaction (23) . Early diastolic filling is influenced predominantly by the rate of ventricular relaxation, mid-diastolic filling is determined more by the mechanical and geometric characteristics of the ventricle (chamber stiffness), and late diastolic filling depends on the force of atrial contraction. It is difficult to separate the varying effects ofthese forces. In our study, the passive-elastic properties of the left ventricle were studied in the arrested heart prior to rigor mortis; thus, the above confounding variables were all eliminated and we were able to study passive filling over the full range of physiologic pressures.
The passive pressure-volume relationship is curvilinear and is uniquely determined for a given ventricle by myocardial stiffness, and the ratio of ventricular cavity and wall volume (VIV,) (9) . An increase in end-diastolic pressure will increase "operating chamber stiffness" by causing a shift to a steeper portion of the curve. Pure volume expansion, or a decline in systolic function alone can cause this type of change (23) . This movement along the curve should be distinguished from an actual change in position, or shape of the entire curve, which represents a primary change in diastolic properties (23 The forces which govern ventricular dilatation are not wellunderstood. In the diabetic rat chronic systolic dysfunction almost certainly contributes to the LV dilatation. This may not be the same in humans or other animal models ofdiabetes. Prolonged increases in end-systolic volume are believed to cause ventricular remodelling due to slippage of myocytes (24) . Diabetes is also thought to be associated with a hyperadrenergic state (17) . It is possible that this sympathetic stimulation results in arterial and venoconstriction which could alter loading conditions, and thus play a role in the ventricular dilatation seen in this model. Blood volume has been reported to increase in experimental diabetes, which also could predispose to ventricular dilatation (16) . A final factor which could contribute to LV dilatation is increased ventricular filling time due to bradycardia.
Effects of insulin treatment. All of the hemodynamic abnormalities were reversed with insulin therapy. This confirms similar findings from previous studies in rats, but differs from observations in diabetic dogs (16, 25, 26) . It cannot be ascertained from currently available data whether it is the hyperglycemia itself, the lack of insulin, or some combination of the two which causes the cardiomyopathy ofdiabetes. The finding that insulin markedly increases calcium uptake in response to catecholamine stimulation of the diabetic heart supports the contention that insulin is an important determinant of cardiac function (27). Furthermore, treatment with insulin causes normalization of myosin isoforms, which shift to a fetal pattern in the diabetic state (28) . Alternatively, there is reason to believe that hyperglycemia may directly contribute to the development of the cardiomyopathy. The glycation of intracellular proteins may alter enzyme or receptor function in a manner which depresses cardiac function (29) . In support of such a mechanism are the findings of increased protein kinase C activity and decreased Na-K ATPase activity in retinal capillary endothelial cells cultured in high-glucose medium (30) . Similarly, increased protein kinase C activity and decreased polyphosphoinositol turnover have been observed in glomeruli from diabetic rats (31) .
Relationship of the present study to previous work. Our findings of decreased overall chamber stiffness with normal myocardial stiffness are at variance with previous investigations in which an exaggerated increase in LV end-diastolic pressure during intraventricular saline infusion, was interpreted as increased myocardial stiffness (5). The latter study 486 was done in a chronic (1 yr) canine model of mild alloxan-induced diabetes. There are several potential explanations for the difference between the studies. First, it is possible that the effects of diabetes on the heart are species-specific. Histologic characteristics of the myocardium appear to be different in various experimental models of diabetes. Chronically diabetic dogs have been reported to have increased periodic acid-Schiff staining of interstitial glycoproteinlike material in the ventricular wall (5) and increased collagen content (26) , whereas our findings strengthen previous observations that diabetic rats do not have histologic evidence of fibrosis (32) or increased collagen content (33). Lack of significant alterations in myocardial histology support the concept that the functional changes we observed have a metabolic, rather than a structural basis.
Secondly, the effects of diabetes may be time-dependent. If so, chamber and myocardial stiffness in the rat might increase after a longer duration of hyperglycemia. The deposition of interstitial advanced glycation products occurs later in the course of diabetes and potentially could contribute to alterations in passive myocardial stiffness (29) . It is not presently known whether this process occurs in the heart. Furthermore, in other models of cardiomyopathy, such as the spontaneously hypertensive rat, increases in myocardial stiffness occur only after a prolonged period of hypertension (34) .
Finally, methodologic differences may be important. For example, in the previously cited study: (a) pressure-volume data were gathered over a relatively small pressure range; (b) only two pressure-volume points were recorded for each animal; (c) no attempt was made to fit the data to an exponential curve, nor to quantify chamber stiffness constants; (d) possible contributions ofbaroreflexes were not taken into account; and (e) measurements were made at end-diastole and thus may reflect viscous effects related to atrial contraction, rather than true passive behavior. The severity of the diabetes may also affect the findings of a given study.
We believe that some of the changes in systolic and diastolic function that we have described in the rat may be common to other animal species, and to patients with diabetes as well. The exaggerated end-diastolic pressure response to intraventricular saline infusion in previous experiments (5) could be explained by impaired relaxation, which is known to shift the pressure-volume curve upwards. Large-volume loads, such as those used in that study, have been associated with prolongation of relaxation (15) . To separate the effects of relaxation abnormalities from changes in myocardial stiffness in intact animals, we measured the passive properties of the myocardium in potassium arrested, ex vivo hearts. In this preparation, the heart is arrested with potassium chloride, and persistent cross-bridge activation should not complicate the analysis. This technique allowed us to determine that changes in passive muscle stiffness were not responsible for the increased end-diastolic pressure and volume.
Clinical significance. In most cardiac diseases diastolic abnormalities are thought to be a consequence of systolic dysfunction, although symptoms referable to isolated diastolic dysfunction may predominate in certain patients. Recent data suggest that diastolic dysfunction may contribute to the increased mortality rate seen in diabetic patients after myocardial infarction (35) . Further evidence of diastolic dysfunction in patients with diabetes comes from Doppler echocardiographic evaluation of trans-mitral diastolic flow in diabetic patients without ischemic heart disease (36). Diabetic patients were observed to have a decrease in the early/late (E/A) flow velocity, which is suggestive ofimpaired relaxation. At present, there is still considerable debate about the use of noninvasive indices of diastolic function and the meaning of isolated abnormalities in a given index (37) . This lack ofconsensus makes study ofdiastolic function in humans difficult. Although there are significant differences between STZ-rats and humans with diabetes, our data are consistent with the speculation that impaired relaxation and contractility may contribute to the cardiac dysfunction seen in diabetic patients. Moreover, our findings emphasize that the early cardiovascular dysfunction of diabetes is reversible with insulin replacement.
